Different models of isolated and perfused livers and precision cut liver slices have been developed for studies on liver toxicology the past years. As most of these models were limited by nonphysiologi c settings, a new model of normothermic hemoperfuse d isolated porcine slaughterhous e livers to examine hepatotoxicit y was established encompassin g the advantage s of slaughterhous e organs to reduce animal experiments and autologous blood as an optimal perfusate. As model compound, the analgesic substance diclofenac was used and the effects of this drug on organ function parameters were compared to an untreated control group. Using an amount of 2,000 ml, the organs were perfused over 180 minutes, metabolically controlled via a dialysis and oxygenatio n system and various hematologica l and hepatic parameters were examined. In contrast to the untreated control organs, signi cant differences were found in the diclofenac group for parameters such as lactate, creatinine, ALT, bicarbonate, or bile ow. In summary, the presently established model of isolated hemoperfuse d slaughterhous e livers displays a useful new approach to assess hepatotoxicity of different substances on the organ level. As a major economic advantage in comparison to setups using laboratory animals, the new model can be run with blood and organs obtained from slaughterhous e animals.
INTRODUCTION
Based on its anatomical position between the gastrointestinal tract and the systemic circulation, the liver plays an important role in the metabolism of exogenous substances. In this respect, the liver displays the primary metabolizing organ of orally administered substances and often a main limitation of potential new pharmacological compounds is represented by an unacceptable level of hepatotoxicity. Therefore, experimental studies on hepatic effects is an important step in the preclinical development of potential new compounds and isolated perfused livers may display an useful approach to study reactions of gross organ functions such as bile ow towards new compounds (14) .
So far, a large number of isolated perfused liver models have been developed for physiologi c research (13) or for the treatment of patients with hepatic coma or prior to transplantation (1, 3, 7, 10) . In contrast to kidney perfusion models that started with a variety of small animal models using the rat (12) or rabbit (27) as species, the liver perfusion setups that were established were primarily based on porcine organs (2, 9, 11, 16, 19) and small animal organs (4, 18) .
Apart from liver perfusion setups (20) , there are numerous other models in investigational toxicology to assess liver toxicity (14) . Cultured hepatocytes isolated from laboratory animals provide in vitro systems for investigation cellular toxicity (15, 30) . Also, precision-cut liver slices can be used to assess hepatotoxicity (25) . However, these models are focused on the enzymatic and cellular levels (17) , yet only organ perfusion can assess the effects of agents on the whole organ function. A series of studies used porcine liver perfusion models so far. However, as the use of porcine organs in high numbers is very expensive and modern ethical standards request reductions of laboratory animal numbers, there is a need for alternative models of isolated porcine livers. The present studies were performed to establish a new model to assess the effects of compounds on the gross organ level. To prevent the use of laboratory animals, organs of slaughterhouse animals were used, and autologous blood from these animals was also obtained.
MATERIALS AND METHODS
Animals: In total, 18 livers of white German landrace pigs (age 6 months, weight 106 12 kg) were harvested at an abattoir with approval of the of cial veterinarian institutions.
Organ Harvesting: The animals were electrically stunned according to the slaughtering protocol of the abattoir. Then, the animals were desanguinated through the cervical vessels. After blood harvesting, the abdomen was explored and the livers were removed. The hepatic arteries and portal veins were then cannulated and ushed with the preservation solution Eurocollins (2,000 ml and 3,000 ml, respectively at 4 C). The organs were then were stored under sterile 749 0192-6233/02$3.00 $0.00 750 GROSSE-SIESTRUP ET AL TOXICOLOGIC PATHOLOGY conditions at 4 C, transferred to the laboratory, and reperfused after a cold storage of 3 0.25 h.
Blood Harvesting: Autologous blood was collected after opening of the cervical vessels. The blood was anticoagulated with heparin (5.000 IE/L, Liquemin N, Roche) and sodium citrate (18 ml/L), ltered using a transfusion device and stored in blood bags.
Organ Perfusion: Cannulae were inserted before reperfusion of the organs into the infrahepatic vena cava, suprahepatic vena cava, and common bile duct (hepatic artery and portal vein were already cannulated at the abattoir). The organs were then transferred to a water bed, which was adjusted to 37 C. The hemoperfusion was then performed under pressure control through the hepatic artery and portal vein starting with an initial blood ow of 200 ml/min, which was increased continuously until pressures of 100 mmHg in the hepatic artery and 15 mmHg in the portal vein were reached.
Perfusion System: The organ perfusion system consists of 2 separate circuits that are connected via a dialysis module ( Figure 1 ). Whereas the dialysis circuit contains a volume of 6,000 ml dialysate medium (composition in mmol/l: 142.5 Na , 2.9 K , 109.9 Cl , 1.5 Ca 2 , 0.5 Mg 2 , 37 HCO 3 , 2.5 CH 3 COO , 3.55 glucose), the blood circuit contains 2,000 ml of heparinized (7,500 IE) blood, which can be diluted with modi ed Krebs-Henseleit solution to adjust hemoglobin concentration or pressure.
In the blood circuit, the autologous blood is transported by a pulsatile pump from the blood reservoir through 3 parallel ber dialyse modules (F7, Fresenius) into the portal vein.
A second pressure controlled pulsatile pump delivered the perfusate to the hepatic artery (pressure ranges between 80 to 100 mmHg). In the dialysis circuit, a roller pump (duo-head Stöckert 10-20-00) delivers the dialysate medium from the reservoir, which is permanently enriched with 97.5% O 2 and 2.5% CO 2 , to the dialysis module with a ow of 1,000 ml/m. An optimal temperature of 38 C is guaranteed by a heat exchanger that is connected to a thermostat (Stöckert 16-21-00).
Groups and Parameters: Two groups were included in the present protocol: To test the suitability of the model for the investigation of substance-induced changes in liver function, diclofenac was administered after 60 min of perfusion (steady state) into the portal vein cannula of 9 organs, simulating the oral administration followed by gastrointestinal uptake and portal edelivery. Next to this group, a group of 9 organs served as control. Here, only a vehicle (NaCl 0.9) was administered.
Besides hemodynamic aspects, numerous parameters for organ viability were examined at the time points 0, 30, 60, 90, 120, 150 and 180 min at the department of laboratory medicine and biochemistry (Tables 1 and 2).
Statistics: All data are expressed as mean standard deviation (SD) and to test the levels of signi cance ( p < 0.05) between the 2 groups, the Wilcoxon Signet Rank Test (StatView 4.5 for Apple Macintosh) was applied.
RESULTS
The average organ weight (no signi cant differences) was 2,212 252 g before conservation, 2,269 252 g before perfusion, and 2,392 280 g after perfusion in the control group; and it was 2,124 156 g before conservation, 2,268 128 g before perfusion, and 2,364 234 g after perfusion in the diclofenac group. Both groups were treated uniformly concerning warm and cold ischemia, and a number or signi cantly different biochemical and hematological parameters were obtained after diclofenac was administered (Tables 1 and 2 ). While in both groups, sodium concentrations remained constant with values ranging between 134 2.1 mmol/l; there was a signi cant difference in the potassium concentration between the control and the diclofenac-treated group with values of 5.5 0.7 mmol/l and 6.6 0.8 mmol/l, respectively, at 180 minutes ( Table 1) .
Analysis of hemodynamic parameters revealed constant perfusion parameters in both groups. The arterial pressure ranged from 52.3 2.1 mmHg (diclofenac group, 60 minutes) to 69.8 5.5 mmHg, whereas the portal pressure ranged between 10.5 2.35 mmHg (control group, 60 minutes) and 12.8 1.2 mmHg (control group, 180 minutes; Table 2 ).
Also, within the total protein values there were signicant differences present in the diclofenac-treated organs at 120 minutes (control: 2.5 0.6 g/dl vs diclofenac: 3.7 0.5 g/dl) and 180 minutes (control: 2.2 0.4 g/dl vs diclofenac: 2.9 0.4 g/dl), which were paralleled by signi cant differences in albumin at these time points (Table 1) .
In contrast to similar hematocrit, arterial oxygen, and venous carbon dioxide values, there were signi cant differences in pH and bicarbonate values between the 2 groups present 120 and 180 minutes after diclofenac administration (Table 1) : There was a decrease in the pH with 7.06 0.05 in the diclofenac group in comparison to 7.33 0.33 in the control group at 120 minutes ( p < 0.01) a bicarbonate of 14.4 0.5 mmol/l (diclofenac) vs 21.5 2.0 mmol/l (control) at 120 min. Also, the base excess differed signi cantly ( p < 0.01) at 120 and 180 min (Table 1 ) and the lactate values showed a signi cant increase progression after diclofenac administration in comparison to the control group (Figure 2) . Analysis of liver enzymes demonstrated a signi cant difference for ALT values at 180 min with 172.2 17.5 U/I for FIGURE 2.-Lactate levels. Diclofenac administration (n 9 ) led to a signi cant increase if compared to the control (n 9) in blood lactate levels due to uncoupling of the mitochondrial oxidative phosphorylation . the diclofenac group and 117.4 12.8 U/I for the control group (Table 1) . Parallel, a signi cant increase in blood urea is found starting from 60 minutes after diclofenac administration (Figure 3 ).
DISCUSSION
In contrast to precision cut liver slices or cultured hepatocytes, the model of isolated and perfused livers represents the closest model of the in vivo situation, as it allows us to assess a large range of whole organ functions. In this respect, the major advantage of isolated perfused livers is represented by the preservation of the 3-dimensional organ structure with its cell-to-cell interactions. Secondly, the possibility of a realtime bile collection and analysis displays an important feature of these models, which can be extended if blood is used as a perfusate, to study hemodynamic parameters (8, 23) .
Here we report a new model of isolated, autologously hemoperfused porcine slaughterhouse livers to test the impact of substances on hepatic functions. In contrast to previously established models, this new approach encompasses the advantages of the porcine species as donor species with a close proximity to human organs, and the use of autologous blood and slaughterhouse organs to reduce the number of laboratory animals. As a model drug for this in vitro system, the analgesic compound diclofenac was used as it has been characterized previously in detail in vivo.
Thus, a number of studies used the rat as donor species in a model of isolated perfused livers to examine drugand chemical-induced hepatotoxicity. Using this model, numerous compounds were examined including insecticides such as lindane or mirex (31) , aliphatic alcohols (29), FIGURE 3 .-Blood urea levels. A signi cant increase in blood urea is found starting from 60 minutes after diclofenac administration (n 9 organs) if compared to the control organs (n 9). Vol. 30, No. 6, 2002 PORCINE LIVER PERFUSION 753 antibiotic agents such as nitrofurantoin (28) , solvents such as dimethylacetamide (24) , aromatic amines (5) , or metals such as cadmium, copper, vanadium, or aluminum (6, 32) . However, as the rat liver displays signi cant differences in organ size and geometry as compared to human livers, the pig livers used display a better approach to simulating human in vivo conditions. Next to the feature of autologous blood as perfusate, the main focus of the presently established model was based on the use of slaughterhouse organs. In accordance with the ofcial rules of the slaughtering process, the livers were harvested at an abattoir and transferred to the laboratory. In view of the constant values obtained in the control group and the profound changes seen after diclofenac administration, slaughterhouse livers may be used ef ciently and thereby the number of animals sacri ced can be signi cantly reduced.
To test if the model could be applied for the investigation of substance-induced changes in liver function, diclofenac was administered into the portal vein cannula, simulating an oral administration with consecutive gastrointestinal uptake and portal delivery to the liver. Then, 120 minutes and 180 minutes after administration, signi cant changes were found for parameters such as liver enzymes (ALT), ions (potassium), lactate, creatinine, bicarbonate base excess, and bile ow. As demonstrated previously, these changes re ect the hepatic effects of the compound. In this respect, the increase of lactate after diclofenac administration is re ected by the inhibition of the hepatic gluconeogenesis, which has been previously demonstrated in perfused rat livers (26) . Due to the diclofenac-induced gluconeogenesis inhibition, the pH and bicarbonate values decreased in the diclofenac group, resulting in a lactate acidosis and a negative base excess. Also, protein parameters such as total protein and albumin increased after 120 minutes, which may be a result of a lactate-acidosisassociated cell injury. Together, these signi cant changes in liver parameters after diclofenac administration are re ected by the interaction of the compound with the hepatic mitochondrial oxidative phosphorylation as demonstrated previously (21, 22) and prove the validity of the present slaughterhouse organ-based model.
In summary, the present studies were carried out to establish a new model to test the effects of compounds on whole organ liver function. Next to the use of autologous blood and porcine livers to approximate human conditions, the main focus was set on the reduction of laboratory animal use. Examining the hepatic effects of the model compound diclofenac, a well-characterized nonsteroidal drug, the validity of the model was demonstrated. Apart from its use in liver toxicology research, the model may also be applied in studies on organ preservation to reduce laboratory animal use.
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